Background: Colloid solutions have been associated with kidney dysfunction in septic animals and humans. The present study investigated the influence of resuscitation with human albumin (HA) 5%, hydroxyethyl starch (HES) 130/0.4 6%, and balanced crystalloids on ultrastructural kidney damage, kidney function, and survival in a model of ovine septic shock. Methods: After induction of peritoneal septic shock, animals were randomised to one of the following groups: (1) HA 5%, (2) HES 130/0.4 6%, (3) balanced crystalloid, and (4) control (each n¼10). Causal therapy included re-laparotomy, peritoneal lavage, and antimicrobial therapy. Sequential kidney biopsies were obtained for the assessment of the electron microscopic tubular injury (EMTI) score. Results: Serum creatinine and urea were highest in the control group, and there were no differences between the intervention groups. Cumulative diuresis was significantly higher in the HA group [1.0 ml kg À1 h À1 (0.6; 1.2)] compared
Sepsis and septic shock remain among the most common causes of death worldwide. 1, 2 One of the most discussed topics in sepsis therapy over the past years is fluid therapy and its association with acute kidney injury. 3, 4 Based on the results from several randomised controlled trials (RCTs), the Surviving Sepsis Campaign (SSC) guidelines 2016 and the European Medicines Agency recommended against the use of hydroxyethyl starches (HES) for fluid resuscitation in critically ill and septic patients, respectively. According to the SSC guidelines, fluid resuscitation in septic shock should be performed with crystalloid solutions as first choice and human albumin (HA) in case of large fluid requirements. 1 The recommendation against starch-based colloids was based mostly on the results from three large RCTs, which reported no benefit (CRYST-MAS), 5 an increase in mortality (6S), 6 or an increased need for renal replacement therapy (CHEST) 7 in septic patients receiving HES for fluid resuscitation. However, it is still unclear whether surrogates of colloid-associated kidney dysfunction correlate with structural kidney damage. The aim of the present investigation was to compare the effects of fluid resuscitation with crystalloid or colloids (HES 130/0.4 6% or HA 5%) on kidney function, ultrastructural kidney damage, and survival in an established model of septic shock with causal and supportive therapy in sheep. We hypothesise that the use of colloids for fluid resuscitation in septic shock is not associated with increased ultrastructural kidney damage despite increased surrogates of kidney dysfunction.
Methods

Animal care
Care and handling of the animals and all methods were performed in accordance with the National Institutes of Health's Guide, the American Physiologic Society's Guide for the Care and Use of Laboratory Animals, and the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines for animal research using established protocols. 8 
Instrumentation
Inclusion criteria
To prevent inclusion of sick animals, the following criteria had to be fulfilled: The inclusion criteria were based on reference values for healthy sheep. 10 From the 43 initially instrumented animals, three ewes had to be excluded from the study because they did not meet the inclusion criteria.
Surgical preparation
After a median laparotomy, the caecum of the animal was incised to withdraw 1.5 g kg À1 faeces and closed by suture afterwards. One 16 Fr. drain was placed near the mesentery, and the abdomen was closed with continuous suture. After a 2 h phase of recovery, the healthy baseline (BL) data were measured.
Induction of septic shock
After BL measurements, the autologous faeces were injected into the peritoneal cavity via the drain. Onset of septic shock was defined as MAP <60 mm Hg Serum lactate concentration !1.8 mmol L À1 (i.e. 1.5 times the upper normal limit of sheep 10 ) At least 4 h from instillation of faeces As soon as septic shock criteria were fulfilled, the 'shock time' measurements were performed.
Editor's key points
Use of hydroxyethyl starch (HES) to resuscitate patients with septic shock is controversial because of an increased risk of acute kidney injury. In a clinically relevant ovine model for septic shock, changes in renal function were more profound with colloid resuscitation compared with a balanced crystalloid. HES resuscitation was associated with a lower creatinine clearance than albumin or crystalloid resuscitation, but this could not be explained by a difference in ultrastructural kidney damage. Further studies are necessary to unravel the mechanism of HES-induced decreases in renal function in experimental septic shock.
Randomisation
After shock time measurements, the animals were randomised using a computerised algorithm into one of the following groups:
(1) Control group (received no fluid resuscitation) (n¼10) (2) HES group (initial resuscitation with HES 130/0.4 6%) (n¼10) (3) HA group (initial resuscitation with HA 5%) (n¼10) (4) Crystalloid group (resuscitation with balanced crystalloids only) (n¼10) Afterwards, re-laparotomy and peritoneal lavage were performed by fractionated instillation and suction of at least 4 L of warm (38 C) saline 0.9% into the abdominal cavity until no more faecal contamination was detected.
Study protocol and interventions
Study solutions were HES 130/0.4 6% (Volulyte©; Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany), HA 5% (Humanalbin©; CLS Behring GmbH, Marburg, Germany) or balanced crystalloid solution (Jonosteril©; Fresenius Kabi Deutschland GmbH). Basal fluid requirements were maintained via i.v. infusion of 2 ml kg À1 h À1 crystalloid solution (Jonosteril©) in all animals. The control group received no further fluids besides basal requirements. Indications for fluid resuscitation were:
Global end-diastolic volume index (GEDI) <620 ml m À2 or <BL value Stroke volume variation >13% Haemoglobin (Hb) > BL value
Contraindications for fluid resuscitation:
Extravascular lung water index !17 ml kg
À1
Horowitz index (i.e. arterial oxygen partial pressure divided by inspiratory oxygen fraction) <200 mm Hg
Fluid resuscitation was performed using bolus infusion (5 ml kg À1 in 10 min) of the respective study fluid. Indication for fluid resuscitation was re-evaluated after every administered fluid bolus to avoid over-and under-resuscitation. The maximum number of bolus infusions was 4 per h. Study solutions were stopped 6 h after shock time (suspected end of initial resuscitation) or if the maximum dose of 50 ml kg À1 was reached.
Thereafter, fluid therapy was continued with balanced crystalloid using the same protocol as given above. Norepinephrine was initiated at the onset of shock and titrated to maintain a MAP !65 mm Hg up to a maximum dose of 5 mg kg
Measurements
Haemodynamic parameters, urinary output, and blood gas analysis were documented at BL, shock time, and hourly thereafter. Ultrasound-guided kidney needle biopsies were obtained at BL, shock time, and at 6, 12, and 24 h (Biopsy handy 18G, SOMATEX®; Medical Technologies GmbH, Teltow, Germany). Two tissue samples were obtained at each time point and preserved in 4% formaldehyde and 3% glutaraldehyde, respectively.
Laboratory measurements
Blood and urine samples were obtained at BL, shock time, and every 4 h after onset of septic shock.
The following variables were determined from the blood and urine samples, respectively:
Blood gas analyses (electrolytes, partial pressures, pH, base excess, Hb, haematocrit, oxygen saturation, lactate, glucose) Parameters of organ (dys-)function [bilirubin, serum creatinine, serum urea, creatinine-clearance, lactate dehydrogenase (LDH), aspartate aminotransferase (ASAT), alanine aminotransferase (ALT), colloid osmotic pressure (COP), serum albumin, and protein concentration]. COP was measured with a Knauer membrane osmometer No. 1 (Knauer GmbH, Berlin, Germany).
Blood cultures
Both aerobic and anaerobic blood cultures were withdrawn under sterile conditions at BL, shock time, and 8, 16, and 24 h afterwards.
End of protocol and autopsy
Animals who survived the 24 h interventional period were killed in deep propofol anaesthesia (4 mg kg À1 ) by injection of 100 ml 1 M potassium chloride solution. All study animals were autopsied with removal of the heart, lungs, kidney, and terminal ileum and weighing of the organs.
Electronic microscopy
Ultrastructural kidney tubular damage was quantified according to the electronic microscopy tubular injury (EMTI) score. 11 This score contains the criteria (1) vacuolar degeneration and swelling of organella, (2) dissociation of epithelium and basal membrane, (3) epithelial cell injury, and (4) intratubular precipitation, each of which was quantified from 0 to 3 by a pathologist who was blinded for the protocol. Thus, the EMTI score could have values between 0 and 12.
Statistical analysis
Statistical analysis was performed with IBM SPSS statistics software version 22 (IBM, Armonk, NY, USA). All data are presented as median and inter-quartile range (IQR). Comparisons between groups for variables measured once were made using KruskaleWallis H-test. If necessary, post hoc comparisons were conducted using Dunn's test. Comparisons within groups between time points were made using Wilcoxon's signed-rank test. Comparisons between groups for repeatedly measured variables were conducted via calculation of generalised estimating equations with group as factor and time as covariate. 12 Survival was compared using log-rank test.
Asymptotic two-sided P values <0.05 were assumed as statistically significant.
Study end points
The primary outcome parameters of the present study were kidney function, as measured by creatinine clearance, and kidney damage quantified by EMTI score. Secondary outcome parameters included fluid and norepinephrine requirements and survival.
Results
Induction of septic shock
All study animals developed septic shock between BL and shock time. Furthermore, renal function decreased and was classified as at least acute kidney injury grade 1 [Kidney Disease: Improving Global Outcomes (KDIGO)], measured by creatinine concentration and diuresis.
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Haemodynamic and oxygen transport variables HR was highest in the control group and differed from that of the HES and HA groups. The HR of the crystalloid group was also increased as compared with the HA group (see Table 1 ). SVI and CI increased in all intervention groups, and most especially in the HA group, with significance to the control group (see Table 1 ). GEDI increased significantly over the study period in all intervention groups. DO 2 I increased significantly in the HA group (see Table 2 ). 
Fluid and norepinephrine requirements
Kidney function and injury
Serum creatinine and urea concentration increased in all groups over the interventional period without differences between intervention groups (see Supplementary Fig. S1 and Supplementary Fig. S2 , serum urea concentration). The increase over time was highest in the control group with significance to the intervention groups. Creatinine clearance was lowest in the control group and highest in the HA group (see Fig. 1 ). Diuresis increased in all intervention groups as compared with the control group (see Table 3 ). Cumulative diuresis was significantly higher in the HA group [1.0 ml kg À1 h À1 (0.6; 1.
2)] as compared with the control group [0.7 ml kg À1 h À1 (0.6; 0.9), P<0.05] (see Supplementary Fig. S3 , cumulative diuresis). EMTI score was lowest in the HA group [maximum 6.9 (5.5; 8.4) at 24 h] with significance to the control group [maximum 7.8 (6.7; 9.0) at 24 h, P<0.05]. All animals showed an increasing EMTI score after shock time without significant differences between the intervention groups over the interventional period (see Fig. 2 ).
Blood gas analysis
Serum lactate concentration increased most in the control group with significance to the intervention groups (see Table 3 ). Base excess, pH, PaO 2 /FiO 2 , and central venous oxygen saturation were comparable between study groups (see Table 2 and Supplementary Table S3 , additional oxygenation).
Other organ function variables
Serum bilirubin concentration increased significantly in the HA group over time (Table 3 ). There were no differences between intervention groups regarding the serum activities of ASAT, ALAT, and LDH (see Supplementary Table S4 , additional Table S5 , organ weights of the study animals). Serum albumin concentration and serum protein concentration were highest in the control and HA groups with significant differences to the crystalloid and HES group (see Supplementary  Table S4 , additional organ function). COP was initially increased in the HES group and decreased over the interventional period with significant differences to the control and crystalloid groups (see Supplementary Table S4 , additional organ function). There were no differences between the HES and HA groups regarding COP.
Blood cultures
At shock time, 28 of 40 (70%) animals showed positive blood cultures with the most common detection of Escherichia coli and aerobic spore formers (see Supplementary Fig. S4 , results from the blood cultures of the study animals). Bacteria load decreased during the interventional period. The most frequently found bacterium beyond shock time was Enterococcus faecalis.
Survival
In the control group, 6 of 10 animals (60%) survived the 24 h interventional period, whereas 9 of 10 animals (90%) in the crystalloid group survived. All animals (100%) of the HES and HA groups survived the interventional period (see Supplementary Fig. S5 , survival of the study animals; each P<0.05 vs control).
Discussion
The results from the present study suggest that fluid resuscitation with HA 5% and crystalloids resulted in the least impairment of kidney function compared with HES 130/0.4 6% or non-treated animals. Another interesting finding is that, although the HES group showed impaired creatinine clearance as compared with the HA group, the ultrastructural kidney injury of the HES group was comparable to that of the other intervention groups. Several animal studies and trials in humans demonstrated osmotic nephrosis-like lesions in proximal tubular cells after HES infusion. 14,15 Commonly described are tubular epithelial vacuoles, which are suspected to be the result of pinocytosis of excreted smaller HES molecules (40e65 kDa) from urine. 14 However, these vacuoles were also described in animals receiving crystalloids and might therefore not necessarily be restricted to HES molecules.
11,16
The results of the present study suggest that kidney damage as measured by electronic microscopy in sequential biopsies may rather be related to the presence of septic shock per se with its multiple possible mechanisms regardless of the used intravenous fluid preparations. 17 Assessment of kidney function by creatinine clearance and diuresis demonstrated detrimental effects of the HES solution. However, as kidney damage was comparable between the groups, it remains unclear whether diminished kidney function is associated with relevant kidney injury beyond the damage induced by septic shock. Serum protein concentration and serum albumin concentration were highest in the control and HA groups, which is well explained by (1) haemoconcentration caused by capillary leakage without fluid resuscitation in the control group and (2) exogenous infusion of proteins in the HA group. Vice versa, fluid resuscitation with protein-free solutions (HES and crystalloid) resulted in reduced serum albumin and protein concentrations. Interestingly, the effect of the initial albumin administration on serum albumin and protein concentration lasted until the end of the interventional period. COP was initially also increased in the HES group after shock time and decreased afterwards, which indicates a decreasing volume effect or relevant extravasation of colloids. It is very different to design an experimental protocol for fluid resuscitation in shock according to vasodilation and capillary leakage. It has to be taken into account that severely ill subjects will remain volume responsive throughout the whole study protocol despite high-dose fluid resuscitation. As a result, massive extravasation occurs without permanent haemodynamic benefit. It is probable that resuscitation aimed at improving peripheral perfusion while omitting over-resuscitation will be an interesting future approach.
In the HA group, we observed increased bilirubin concentrations. In clinical settings, an increase in bilirubin may indicate amongst others haemolysis, liver failure, or obstruction of the biliopancreatic system. 18 A possible explanation for the present phenomenon might be increased transport capacity of unconjugated bilirubin by increased intravascular albumin concentration. 19 The authors of the Albumin Replacement in Patients with Severe Sepsis or Septic Shock (ALBIOS) trial also detected an increase in serum bilirubin concentration in patients receiving intravenous albumin and considered relevant amounts of bilirubin in the administered albumin solutions as a potential reason. 20 However, we examined the albumin solution used in the present study and detected no amounts of bilirubin (0.0 mg dL
À1
). The observed increase in serum bilirubin concentration in the HA group therefore appears be a pharmacological effect without impairment of liver function but deserves further study.
Limitations
The interventional period was only 24 h, so long-term outcome regarding survival and organ function of the animals could not be assessed.
The use of HA in sheep should be mentioned as limitation, although it has already been used by other investigators. 21, 22 The maximum daily dose of HES 130/0.4 6% was recently reduced from 50 to 30 ml kg À1 . These recommendations were published after the present study was finished. However, future trials using HES 130/0.4 6% should consider the reduced maximum daily doses as mentioned. We used only traditional variables to assess kidney function, as these are also used in current guidelines. In future trials, the use of newer renal function parameters such as neutrophil gelatinase-associated lipocalin or cystatin C should be considered. Repetitive kidney biopsies might cause organ damage and dysfunction. We tried to avoid this by using different areas of the right kidney surface for the biopsies. Positive blood cultures at BL were found in nine sheep; however, the found bacteria species are best explained by contamination with cutaneous microbiome.
Conclusion
Resuscitation with human albumin 5% or crystalloid resulted in less impaired kidney function as compared with HES 130/0.4 6% in a clinically relevant ovine septic shock model. In contrast, ultrastructural kidney injury did not differ between groups. Resuscitation with HES 130/0.4 6% resulted in diminished creatinine clearance but comparable ultrastructural Cumulative EMTI score. For the sake of optimal presentation, data are given as mean (standard deviation). Data are normally distributed. EMTI, electronic microscopy tubular injury; HES, hydroxyethyl starch. kidney damage. This leads to the conclusion that the HESassociated decline in kidney function is not necessarily reflected by ultrastructural kidney damage.
